In this paper, we present a direct fault tolerant control (DFTC) technique, where by "direct" we mean that no explicit fault identification is used. The technique will be presented for the attitude controller (autopiiot) for a reusable launch vehicle (RLV), although in principle it can be applied to many other applications. Any partial or complete failure of control actuators and effectors will be inferred from saturation of one or more commanded control signals generated by the controller. The saturation causes a reduction in the effective gain, or bandwidth of the feedback loop, which can be modeled as an increase in singular perturbation in the loop. In order to maintain stability, the bandwidth of the nominal (reduced-order) system will be reduced proportionally according to the singular perturbation theory. The presented DFTC technique automatically handles momentary saturations and integrator windup caused by excessive disturbances, guidance command or dispersions under normal vehicle conditions. For multi-input, multi-output (MIMO) systems with redundant control effectors, such as the RLV attitude control system, an algorithm is presented for determining the direction of bandwidth cutback using the method of minimum-time optimal control with constrained control in order to maintain the best performance that is possible with the reduced control authority. Other bandwidth cutback logic, such as one that preserves the commanded direction of the bandwidth or favors a preferred direction when the commanded direction cannot be achieved, is also discussed. In this extended abstract, a simplistic example is proved to demonstrate the idea. In the final paper, test results on the high fidelity 6-DOF X-33 model with severe dispersions will be presented.
Introduction
Typical fault tolerant control techniques include integration supervisor, failure detection and identification, followed by control reconfiguration. The paper [Bab9_____66] discusses an approach developed for integrating the systems such that the fault tolerance requirements were met for all stages of assembly. Some of the key integration issues are examined and the role of analysis tools is described workarounds to optimizethe systemto meetits missionrequirements. In the paper[CR94] the designof a fuzzy logic supervisorfor a reconfigurable flight control law is described. The objectiveof the supervisor is to maintainthe original performance of the aircraft aftereffector failure by adjustingthe gainsof the existingcontrollaw. 
where sat(-) is the saturation function, x is the tracking error state variable of the "nominal" system, z is the state variable of the singular perturbation which may be an inner loop, or the dynamics of the control actuators or effectors, and w is the state variable of a linear dynamic feedback controller for the nominal system. For instance, 
c_ (a)_ = A(t)z + B(t)u
where the effective time scale separation parameter e_.f (a) is given by
Thus, as saturation deepens, the e_n(a) will continue to grow until the required time scale separation for the overall stability is violated. On the other hand, if the outer loop bandwidth can be reduced in real time by a factor of Kef f (a), the overall stability will be maintained, albeit that the tracking performancewill be sacrificed.Note that this degradedtracking performance amountsto a reductionin controlauthorityfor the nextouterloop,suchas the guidance loop. Thus, the sameprinciple can be usedto scaleback the guidanceloop bandwidthuntil it is determinedthat the crippled vehiclecan no longer accomplishthe original mission goal or maintainsafeflight. At thattime,anabortdecisioncanbemade.
In orderto adjustthebandwidth, a meaningful metricof the"depthof saturation"needs to be defined.An instantaneous metric a(t) can be defined as the ratio of the commanded control versus the available control, such as the commanded torque and the available torque as determined by the control allocation unit, or the commanded aero-surface deflection angle versus the (nominal) limit of the aero-surface deflection angle. However, such instantaneous metric does not take into account of the "duty cycle" of the saturation over a period. A classical approach to this problem is the describing function for periodic saturations.
For aperiodic saturations, we propose to use the integration of a nonlinear function l¢(a(t)) over a specified moving time interval
'-T i¢(a(r))d'c a_t _. (t) = T where x(.) is an appropriate Class-K function such that x(0) = 0, to(l) = 1, x(a) < a Va < I, and t¢(a) > a Va > I. A convenient choice for such a x(.) is to(a)
= a r for some r > 1. 
Time-Varying

When the commanded torque "c(t)=[L_(t) M_(t) N_(t)] v falls outside S, the objective is to find an attainable torque r_,(t) =[L_(t) M_(t) N_,(t)] v _ S that minimizes the time T that it takesto bring the currenttrackingerror x(t o) = x_ to a desirable state x(T)=x T . Then the instantaneous depth of saturation is given by a(t)=[Lc(t) Mc(t) U_(t)lT
The optimal attainable torque can be found by solving, the standard minimum-time optimal control problem for the nominal system, that is, mmlmlzmg the minimum-time performance index ttl+T J= _,,, l dt subject to (see Equation (1))
where the desirable final state Xw(t o) is chosen at t_ based on the criticality of the tracking error in each channel, which will influence the direction of the allocated torque. It is noted that the minimum time Tm_ . serves as an indicator for the performance degradation.
When Tm_ . exceeds a certain threshold, the guidance loop will have to reduce the bandwidth as well, or abort may be necessary. It is also noted that the allocated torque is different from the applied torque that is actually generated by the control effectors. The difference between them is the torque loop tracking error to be handled by the dynamic control allocation algorithm. The coordination of the guidance, attitude control and control allocation loops and abort decisions will be made by a supervisory controller called autocommander.
An Illustrative Example
Consider the attitude kinematics and rotational dynamics associated with the equations of motion of a rigid body
_[(t) = R(7(t))03(t) h( t ) = -03( t) × h( t) + "c(t) h(t) = J (t)03(t)
in which 7 = [_ 0 _]7. is the vector of Euler angles, 03= [p q r] T is the vector of body axis angular velocities, his the associated
T is the vector of applied torques referenced to the body frame, and J is the inertia matrix. With the goal of explicitly characterizing the effect that torque saturation has on effective gain and deriving a heuristic gain adaptation policy, we begin with simple proportional inner and outer loop control laws given by 
... h r (h -h)
where h,, = J(t) o). Fig. 4 , saturation limits of 5000 N-m were subsequently imposed independently in each body axis channel, for which the associated attainable moment set is a three-dimensional hypercube.
The effect of saturation without gain adaptation is evident from the attitude tracking response shown in Fig. 5 and the achieved torque response shown in Fig 6. The modified control law using the filtered scale factor yields the attitude tracking response shown in Fig. 7 and the achieved torque response shown in Fig. 8 . Here we see that tracking performance suffers somewhat during the initial portion of the ascent in which the torques required to closely track the attitude command greatly exceed the imposed limits (recall Fig. 4 ) and the outer loop gain is significantly reduced based on the gain adaptation policy described above. However, once the commanded torques recede to within limits, the outer loop gain is restored to its nominal value and nominal tracking performance is recovered.
Summary and Conclusions
In this section, the main results of this paper will be summarized. The advantages and disadvantages of the DFTC technique will be discussed, and further research for improving the technique will be proposed. 
